Extracellular matrix (ECM) components play essential roles in development, remodeling, and signaling in the cardiovascular system. They are also important in determining the mechanics of blood vessels, valves, pericardium, and myocardium. The goal of this brief review is to summarize available information regarding the mechanical contributions of ECM in the myocardium.
Introduction
Extracellular matrix (ECM) components play an essential role in development, remodeling, and signaling in the cardiovascular system. They are also important in determining the mechanics of blood vessels, valves, pericardium, and myocardium. The goal of this brief review is to summarize available information regarding the mechanical contributions of ECM in the myocardium. This information is derived from three types of studies. The first clue to the mechanical importance of an ECM component is often a correlative study of a particular pathology; for example, myocardial collagen content and ventricular stiffness both increase during pressure-overload hypertrophy, suggesting that myocardial collagen might be an important determinant of chamber stiffness. Manipulating a specific matrix component by enzymatic digestion, altering synthesis, or genetic manipulation can provide a more definitive test of that component's mechanical contribution. Finally, mathematical models are often important in separating the mechanical roles of multiple components within a tissue.
We set out to review the evidence from each type of study (correlation, manipulation, modeling) for the three ECM components known to be most important to the mechanics of other soft tissues: collagen, elastin, and proteoglycans. We found two things that may be somewhat surprising. First, despite hints that elastin and proteoglycans may be important in determining the mechanics of the myocardium, their contribution has received little attention. Second, the mechanical functions of all three components are much better understood in other soft tissues than in the heart. We decided, therefore, to organize this review into sections for each of these mechanically active ECM components, and to begin each section with an example from another tissue before proceeding to evidence in the heart. We have selected examples that illustrate both the level of understanding that should be set as a goal for future work in the myocardium and approaches that might be useful in achieving that understanding.
Collagen

Collagen in the Pericardium
Pericardium is a thin sheet of tissue composed largely of collagen that surrounds the heart. Unlike myocardium, pericardium can be excised and tested easily, without complications from ischemia or contracture. Furthermore, it is so thin that its mechanics can be treated as twodimensional, simplifying testing and analysis. Despite this experimental accessibility, it has taken 25 years of work to develop a quantitative understanding of how collagen determines the mechanical properties of pericardium. Two recent reports by Sacks and colleagues [1, 2] reflect the current state of the art, providing inspiration and guidance for future studies of collagen and myocardial mechanics.
A complete understanding of the structural basis for a tissue's mechanical properties should allow quantitative prediction of those mechanical properties from measured structure. Sacks achieved this goal for pericardium in 2003 [1] . Using a light-scattering technique, he measured the distribution of collagen fiber orientations in samples of bovine pericardium. Then, he performed a single equibiaxial stretch test on each sample while measuring force in two perpendicular directions. Because equibiaxial stretch subjects every fiber in the plane of the tissue to exactly the same strain, regardless of orientation, these test data provided the stressstrain curve for the individual collagen fibers, assuming collagen fibers dominate the mechanics and their density is known. Finally, Sacks used measured orientation and fiber stress-strain properties to predict the mechanical response of each sample to a wide range of stretch combinations, and showed that the predictions matched test data extremely well.
This model falls slightly short of the goal of predicting mechanics entirely from structure because it still required a single mechanical test per sample to determine the effective stressstrain curve for collagen fibers in that sample. There is ample evidence that the exponential stress-strain relationship of collagenous tissues reflects the combined effects of two microstructural events. Initially, collagen fibers uncoil or uncrimp, offering relatively little resistance to stretch; once collagen fibers are straight, stretching them requires much greater force. Measuring the degree of coiling or crimping of collagen and knowing the mechanical properties of straightened fibers should therefore allow prediction of the stress-strain response from structural information alone. Sacks and colleagues recently used x-ray diffraction to track the periodicity of the collagen molecules within each fiber during mechanical testing and separate uncoiling from axial stretch [2] .
Collagen in the Myocardium
In contrast to the pericardium, collagen constitutes a relatively small fraction of myocardial mass. Nevertheless, the myocardial collagen network is essential to the mechanics of the heart [3] . In systole, myocytes bear most of the wall stress but the surrounding collagen weave and struts transmit force and help maintain myocyte alignment. In diastole, perimysial collagen fibers uncoil as the ventricle fills; once these fibers straighten, they resist further expansion, accounting for the steep portion of the end-diastolic pressure-volume curve and protecting myocytes from overstretch ( Figure 1 ). This picture of the mechanical role of fibrillar collagen in the heart arose largely through correlative studies [4] [5] [6] [7] , complemented by studies that directly altered collagen content [8] [9] [10] [11] [12] [13] . Accurate quantitative models relating collagen content and structure to myocardial mechanics are still lacking, and more work is needed to fully understand the mechanical impact of changes in collagen subtype ratios and collagen crosslinking.
Correlative
Approaches-Early studies of pressure-overload hypertrophy (PO) revealed that experimental pressure overload increases collagen content as well as myocardial mass [4] . Papillary muscles from PO hearts displayed elevated diastolic stiffness as well as contractile abnormalities (reduced maximal shortening velocity, prolonged time to peak tension) that could be due either to alterations in the contractile elements or to changes in the elastic elements of the muscle [4] . Continuing studies of cardiac hypertrophy produced data on myocyte hypertrophy, fibrosis, and mechanics across a broad array of diseases and experimental models; for example, Villari et al. demonstrated a nonlinear relationship between chamber stiffness and collagen content in patients with aortic valve disease [5] . In 1993, Weber and colleagues used these data from the literature to argue convincingly that increased diastolic stiffness correlates with ventricular fibrosis rather than with hypertrophy per se [6] . Comparisons between species provided additional support for the role of myocardial collagen in determining diastolic stiffness; for example, Borg et al. compared rat and hamster hearts and found that differences in diastolic stiffness correlated with the extent of the collagen network [7] .
Cardiac pathologies affect not only collagen content but also other factors that may impact mechanics, including collagen cross-linking, fiber structure, and subtype ratios. Correlative studies typically provide the first indication of the potential importance of these factors. Diastolic stiffness correlates with the level of collagen cross-linking in some animal models of pressure overload [14] and in patients with heart failure [15] , suggesting that collagen content and cross-linking are both important determinants of diastolic properties during hypertrophy and failure. In diabetic patients, high levels of advanced glycation end-products (AGEs) correlate with premature vascular and LV diastolic stiffening, suggesting that AGE-mediated collagen cross-linking can contribute to diastolic dysfunction; agents that prevent or reduce AGE-mediated cross-linking have shown promise in normalizing diastolic mechanics in experimental models of diabetes [16] . Following myocardial infarction, collagen content, fiber structure, and cross-linking all change dramatically as necrotic myocardium is replaced by scar tissue; correlation of these structural changes with changes in mechanical properties suggests that collagen fiber alignment and cross-linking can be as important as collagen content in determining mechanical properties of the healing scar [17] . Ratios of type I to type III collagen also change during hypertrophy [18] , failure [19] , and infarct healing [20] , but the mechanical consequences of these changes are unclear. Correlative approaches provide limited insight in these situations, because total collagen content and type I/III ratios vary simultaneously.
Modification and Digestion-Once
correlative studies suggested that collagen is a critical determinant of diastolic mechanics, researchers began degrading or altering collagen to test its role more directly. Some approached this problem by altering collagen turnover or deposition. Bing et al., who reported increased collagen content and increased diastolic stiffness in rat papillary muscles during pressure overload (PO), found that adding beta-amino proprionitrile (BAPN) to the rat chow prevented both the increase in collagen and the increase in stiffness [8] . Even in the absence of hemodynamic overload, 6 weeks of BAPN treatment decreased collagen content, collagen cross-linking, and diastolic chamber stiffness in pigs [9] .
An alternate approach is to enzymatically degrade collagen in an acute experimental preparation and measure the resulting change in mechanical properties. Degrading collagen in an intact, perfused heart proved problematic. Collagenase treatment [10] and activation of endogenous proteases with 5,5′-dithio-2-nitrobenzoic acid (DTNB) [11] both altered diastolic mechanics but also induced prominent edema, complicating interpretation of the data. Experiments in isolated papillary muscles and trabeculae were more successful. Activating endogenous matrix metalloproteases (MMPs) with plasmin decreased collagen content, stiffness, and viscous damping in control and PO cat RV papillary muscles [12] . Interestingly, the reverse experiment -degrading everything else and measuring the properties of the remaining collagen -proved even more instructive. Granzier and Irving used KCl/KI to remove actin, myosin, and most of the associated proteins from skinned cardiac trabeculae and found that diastolic properties changed little at long muscle lengths [13] . Combining these studies with mechanical tests on individual myocytes, they concluded that intracellular titin explains much of the passive stiffness of cardiac muscle at short sarcomere lengths, while collagen explains most of the stiffness at longer lengths, in the steep portion of the passive stress-strain curve ( Figure 1 ).
Studies on papillary muscles are experimentally convenient, but it is unclear how the results translate to the three-dimensional collagen network of the myocardium. The perimysial collagen network surrounds and connects sheets of myocardium several cells thick; this sheet structure has been described and extensively studied by LeGrice and colleagues [21] . While the same group has attempted to relate the three-dimensional perimysial collagen structure to behavior in multi-axial shear tests [22, 23] , they have not yet performed multi-dimensional versions of the digestion studies described above.
2.2.3.
Modeling-Mathematical and computational models typically represent the mechanical properties of myocardium using phenomenologic constitutive equationsequations that describe stress-strain behavior of the tissue without attempting to relate it to the underlying structure [24] . Such models provide little insight about the importance of individual structural components, and are not easily modified to reflect what is known about structural changes in disease. Models based on measured structure, like the model described for pericardium earlier in this article, are conceptually attractive. Their utility for modeling myocardium has been limited primarily by the fact that such models typically have a large number of parameters that are difficult to measure directly, complicating the search for unique parameter values when fitting data [23] . One interesting exception is the simple structural model proposed by MacKenna and colleagues [25] . They modeled perimysial collagen fibers as helical springs and found that relatively small differences in fiber diameter, tortuosity, and density predicted large enough changes in the mechanics of uncoiling to explain reported differences in passive stiffness between rat and dog myocardium.
One of the difficulties in building a mathematical model based on tissue structure, and one of the reasons that structural models often end up including so many parameters, is that multiple components can each bear load directly and through interactions. Using existing tissue engineering techniques, it is now possible to consider assembling a physical model of a tissue, building it up one component at a time, using a stepwise approach to understand the role of each component and its interactions. We used fibroblast-populated collagen gels as a simple physical model of myocardial scar tissue to help us understand the importance of collagen fiber alignment in determining scar mechanical properties [26, 27] . A combination of modeling and experiments revealed that fiber alignment could not fully explain the anisotropy observed in these simple gels, supporting the idea that fiber prestress and/or rotation must be taken into account to properly describe mechanical behavior [27] . Others used cross-linking by lysyl oxidase [28] or glycation [29] to stiffen collagen gels for use as tissue engineering scaffolds, simultaneously providing insight into the mechanical consequences of enzymatic and nonenzymatic collagen cross-linking.
Elastin
Elastin in Arteries
Arteries are composed of layers of elastin, collagen, and smooth muscle and are lined with a layer of endothelial cells. Like pericardium, large arteries are an experimentally tractable system -they can be excised for mechanical testing and even cultured to study structural remodeling in response to altered mechanical loading. Arteries display a nonlinear stress-strain relationship, which arises from interaction of parallel elastin and collagen fibers in the arterial wall [30] . At low pressures, elastin bears most of the load and the artery is fairly compliant. At normal blood pressures, elastin allows the aorta to stretch and store blood as it is ejected by the heart during systole, then recoil during diastole to provide a relatively constant perfusion pressure and flow to the body. At higher pressures, load is transferred to collagen fibers, which gradually straighten and limit arterial expansion. This interplay between a rubber-like, distensible component (elastin or similar proteins) and stiff collagen fibers in the arteries is apparently common to all species with closed circulatory systems; Shadwick [30] provides an excellent review of relevant studies with an emphasis on comparisons across species.
The studies that established how elastin and collagen determine the mechanical properties of arteries employed a mix of correlation and digestion. In large arteries, elastin content decreases and collagen content increases with distance from the heart [31] ; the drop in elastin:collagen ratio correlates with reported increases in stiffness along the arterial tree [32] . Similarly, arterial stiffening with age correlates with a decreased elastin:collagen ratio due to fragmentation of elastin fibers and deposition of collagen [33] . Roach and Burton tested arteries before and after digestion of elastin (with trypsin) or collagen (with formic acid) and confirmed that elastin was responsible for the mechanical properties at low stresses, while collagen determined properties at high stresses [34] .
Despite a clear understanding of the mechanical roles of elastin and collagen in arteries, quantitatively predicting arterial properties from measured structure has proved surprisingly difficult. This may foreshadow the difficulty of developing structural constitutive models for the heart, which is geometrically and structurally more complex than arteries. Nevertheless, new mathematical models of arterial growth and remodeling should inspire important new work in the heart. Humphrey and colleagues formulated mathematical models of the turnover of elastin, collagen, and smooth muscle during growth and remodeling of blood vessels [35] . Their models explain many of the observed features of arterial growth and remodeling. For example, unloaded arterial rings are under residual stress -tension in the outer wall and compression in the inner wall -and therefore spring open into an arc when this stress is relieved by transecting the wall. This residual stress is important to arterial function, because it helps reduce the stress concentration that would normally be present in the inner wall of an inflated tube. Humphrey and colleagues showed that the changes in residual stress observed during arterial growth and remodeling could arise through degradation of components deposited at previous stress levels and replacement with components deposited at a new stress. Similar models may prove very useful in understanding how turnover of myocardial collagen, muscle proteins, and other components impact cardiac mechanics during hypertrophy and remodeling.
Elastin in the Heart
The myocardium contains elastin, both in the walls of coronary blood vessels and in the interstitium, but it is unclear whether elastin contributes significantly to myocardial mechanics. Correlative approaches are limited because most pathologies known to alter elastin also alter collagen. We found no reports of definitive digestion experiments analogous to those reviewed above for arteries. Mathematical models of myocardium and the heart have not yet incorporated elastin. [36] and during pressure overload [37] and subsequent heart failure [38] ; cathepsin S may account for the elevated elastolytic activity in extracts from failing myocardium [38] . A decade ago, Tyagi et al. speculated that changes in the elastin:collagen ratio, rather than in collagen content alone, underlie the increased diastolic stiffness in pressure overload [39] . This would certainly be consistent with studies in aging arteries, but has not been explored fully in the heart. Correlative studies can be difficult to interpret if pathologies that alter myocardial elastin also alter collagen content, as is the case for ischemia, heart failure, and pressure overload. A definitive test will require selective alteration of myocardial elastin through digestion or genetic manipulation.
Correlative Approaches-Interstitial elastin fibers are disrupted by acute ischemia
Modification and Digestion-We found no reports of digestion experiments designed to isolate the mechanical contributions of myocardial elastin. Jobsis et al. recently
proposed that the elastic fibers in the visceral pericardium may play an important role in elastic recoil and untwisting during early diastole [40] . They showed that disrupting the visceral pericardium affected passive mechanics and residual stress, but did not separate the contributions of epimysial elastin and collagen.
Globally perturbing elastin expression also provides limited information about myocardial elastin, because effects on arteries dominate the phenotype. Elastin knockout mice are born with stiff, tortuous arteries and marked cardiac hypertrophy; they die within 72 hours due to smooth muscle cell proliferation that occludes the aorta [41] . Mice with one elastin allele deleted have stiffer arteries, elevated blood pressure, mild cardiac hypertrophy, and a normal life span [42] . Cardiac function appears normal in these animals at birth [41] , and subsequent changes are believed to be secondary to decreased arterial compliance and hypertension [42] . The mild cardiac phenotype in elastin hemizygous mice suggests a limited role for elastin in myocardial mechanics; experiments in animals with cardiac-restricted deletion of one or both elastin alleles could definitively address this question.
The ability to manipulate elastin expression provides opportunities to test its role in normal and diseased myocardium, but also opportunities to envision new therapeutic roles. For example, Mizuno et al. proposed that elastin might be beneficial in reinforcing healing myocardial infarcts [43] . They employed transplanted vascular endothelial cells to express elastin in healing rat infarcts and found reduced infarct expansion, reduced left ventricular remodeling, and improved heart function.
Proteoglycans
Proteoglycans in Articular Cartilage
Proteoglycans are equally important to collagen for determining the mechanical properties of articular cartilage; a combination of correlation, digestion, and modeling revealed how these two components work together to absorb large compressive loads. During rapid loading, the force applied to articular cartilage is initially borne entirely by the fluid within it [44] . The proteoglycans provide charge and osmotic forces that limit fluid flow out of the cartilage, while the collagen fibers share the compressive load and prevent expansion of the tissue perpendicular to the applied load.
Correlative studies provided the first clues to this dual role, revealing that collagen orientation and content correlate strongly with tensile properties while proteoglycan content correlates strongly with compressive viscoelastic properties. Tensile testing of articular cartilage from human cadaver knee joints demonstrated a correlation between collagen organization and tensile modulus [45] . Aligned collagen in surface zone cartilage had a significantly higher modulus than disorganized collagen in deep zone cartilage. A significant positive correlation between the tensile modulus and the ratio of collagen to proteoglycan content demonstrated the importance of collagen for the tensile properties of cartilage. A strong positive correlation between proteoglycan content and the equilibrium compressive modulus of cartilage suggested that the compressive properties of cartilage, on the other hand, are determined by the proteoglycan content [46, 47] .
These correlative studies are supported by studies where cartilage proteoglycan content was reduced either experimentally or pathologically. Osteoarthritis, a degenerative condition which results in a loss of proteoglycans, dramatically lowers the compressive modulus of human cartilage [48] . Animal models of osteoarthritis show similar changes [48] . As early as 1972, enzymatic degradation was shown to significantly increase the compressibility of cartilage [49] . A more recent study showed that degradation of proteoglycans by either chondroitinase or hyaluronidase greatly reduced the shear modulus of cartilage [50] . The proteoglycan network typically swells the tissue and prestresses the collagen network by drawing in and retaining fluid; degrading the proteoglycans lowered the prestress and loosened the collagen network, thus significantly reducing the shear stiffness of the solid matrix.
Mathematical models provided a quantitative understanding of the contribution of proteoglycans to the mechanical properties of cartilage. The biphasic theory described cartilage in terms of interacting solid (collagens and proteoglycans) and fluid phases [44] . This theory was later expanded to include a third phase and to incorporate the effects of fixed charges [44] . In these multiphase models, proteoglycans control the flow of water in and out of cartilage, largely determining the ability of cartilage to resist compression. Dense negative charges on the proteoglycan side chains have two major effects: 1) attraction of counterions which lead to a Donnan osmotic pressure and 2) repulsion of side chains from each other leading to increased swelling pressure and resistance to compression. At the onset of compressive loading, all load is carried by the fluid phase of the tissue. With time, fluid flows out of the tissue and at equilibrium all load is carried by the solid matrix. As proteoglycans are lost, permeability and fluid flow increase, and the modulus of the tissue decreases. These mathematical models have allowed investigators to develop quantitative structure-function relationships for articular cartilage. The composition and structural organization of the solid and fluid phases can be used to accurately predict the mechanical behavior of the tissue under normal and pathologic conditions.
Proteoglycans in the Heart
Proteoglycans regulate cartilage mechanics by controlling the flow of water in and out of the tissue during loading. There is no evidence that proteoglycans play a similar role in myocardium, but it is intriguing to speculate (Figure 1 ). Fluid movement is likely more important to myocardial mechanics than generally acknowledged, and is poorly understood. Proteoglycans are present in the myocardium but are frequently ignored when examining the cardiac ECM. Azeloglu et al. recently demonstrated that proteoglycans are an important determinant of residual stress in arteries, where, as in myocardium, their presence had been largely ignored [51] . Analogous studies in the heart are certainly overdue.
4.2.1.
Correlative Approaches-While examining the collagen network of the heart, Borg et al. reported the presence of significant quantities of material presumed to be glycosaminoglycans in the myocardium [7] . This material leached from the tissue during normal histologic processing but could be retained by adding 1% cetylpyridinium chloride during fixation. The fact that proteoglycans are lost during traditional fixation may explain why few classic studies of ECM changes in disease commented on proteoglycan content. More recently, proteoglycans are receiving attention for their potential signaling roles, a topic that is discussed elsewhere in this special issue and in recent reviews (for example, see Bereczki and Santha [52] for a discussion of biglycan).
Myocardial tissue volume changes are important to myocardial mechanics, but it is not yet clear what role proteoglycans play. The coronary vasculature interacts with the surrounding tissue, with perfusion increasing both myocardial volume and myocardial stiffness during mechanical testing [53] ; it is difficult to separate intravascular and extravascular volume changes during such experiments. Perfusion with solutions of varying osmolarities alters opening angle in left ventricular slices, indicating changes in residual stresses and strains that could significantly alter myocardial mechanics [54] . Although Lanir and colleagues attributed these changes in the opening angle to myocyte swelling and shrinkage that altered tension on the surrounding collagen network, Azeloglu showed that in arteries the inhomogeneous transmural distribution of proteoglycans, rather than cellular swelling, explained changes of opening angle with solution osmolarity [51] . Perhaps the best example of water content influencing cardiac mechanics occurs following myocardial infarction. The infarct becomes edematous within hours, and drugs that decrease inflammation and edema greatly increase the extent of infarct expansion and risk of rupture [17] ; the specific role of proteoglycans in postinfarction mechanics merits further study.
Modification and Digestion-Transgenic
models revealed a critical role for proteoglycans in development and collagen fibrillogenesis. Knockouts for versican [55] , aggrecan, [56] and perlecan [57] are lethal; animals die prenatally or immediately postnatally and typically show cardiac as well as skeletal malformations. Knockouts for decorin [58] and byglycan [59] are viable but show abnormal collagen morphology in skin, tendon, and elsewhere in the musculoskeletal system. These animals do not display obvious cardiac abnormalities at baseline, but infarct healing is altered [60] [61] [62] , presumably because decorin and byglycan are required to form normal collagen fibrils in the healing scar. In humans, the mucopolysaccharidoses, a group of genetic disorders characterized by accumulation of proteoglycans and skeletal defects, also cause cardiac defects and cardiomyopathy. After enzyme replacement therapy, valve abnormalities persist but ventricular mechanics improve, suggesting that direct mechanical effects of accumulated GAGs may be important in the etiology of this cardiomyopathy [63] .
Selective digestion of proteoglycans would be the best way to examine their mechanical role in the heart. As with the collagen digestion experiments reviewed earlier in this article, it will be challenging to dissolve proteoglycans selectively in the intact heart without inducing other changes that confound mechanical measurements. Isolated papillary muscles or trabeculae may prove the most useful experimental system for these studies. This experimental system also avoids another potential complication of residual stress and opening angle studies -because models predict that the transmural distribution of proteoglycans, rather than proteoglycan content, determines the opening angle, incomplete or nonuniform digestion could lead easily to erroneous conclusions [51] .
Conclusions
Fibrillar collagen, elastin, and proteoglycans all play crucial mechanical roles in many tissues in the body generally and in the cardiovascular system specifically. The myocardium contains all three components, but their mechanical contributions are relatively poorly understood. Most studies of ECM contributions to myocardial mechanics have focused on collagen, but quantitative prediction of mechanical properties of the myocardium, or changes in those properties with disease, from measured tissue structure is not yet possible. Circumstantial evidence suggests that the mechanics of cardiac elastin and proteoglycans merit further study. Table 1 lists our suggestions for experiments needed to clarify the role of ECM components in myocardial mechanics. These experiments are easy to propose but admittedly difficult to perform, because they require cardiac-specific manipulation of individual matrix components. The first priority is simply to definitively test the role of collagen types I and III, elastin, and proteoglycans by selectively manipulating each component. These experiments should be done in normal hearts as well in multiple disease models (hemodynamic overload, infarct healing, etc.), since the relative importance of different components likely varies with remodeling. Once these experiments are performed, we suggest that the next priority should be developing quantitative models of cardiac ECM changes with remodeling, with attention to both shifts in composition and shifts in pre-stress on individual components. Contributions of ECM components to myocardial mechanics. A Schematic diagram shows myocytes connected by collagen struts, large perimysial collagen fibers aligned with the myocytes, and proteoglycans associated with the collagen. B During passive uniaxial stretch, titin in myocytes initially bears most of the force as perimysial collagen fibers uncoil; once straightened, collagen resists further extension, protecting myocytes from overstretch. C The location and mechanical role of cardiac proteoglycans are unknown; however, observed mechanical changes during edema could be explained by increased hydration of the proteoglycans pre-stressing the collagen network, as in cartilage. D The pre-stressed collagen network would resist deformation at much lower strains, shifting the uniaxial stress-strain curve to the left. • Alter myocardial type I/III ratios while controlling for total collagen content.
• Assess mechanics in vivo and in isolated papillary muscles.
Is elastin an important determinant of LV mechanics?
• Specifically manipulate myocardial but not vascular elastin content.
Arteries [34] Do proteoglycans play an important role in LV mechanics?
• Selectively degrade myocardial proteoglycans.
• Assess mechanics and water content in vivo and in isolated papillary muscles.
• Examine effects on residual stress.
Cartilage [50] How does turnover of myocytes and ECM components govern changes in mechanics with disease?
• Quantify content of major ECM components during overload, infarction.
• Estimate tension/prestress in each ECM component from morphology in hearts fixed at different pressures.
• Develop model of ECM/myocyte turnover and cardiac remodeling.
Arteries [35] J Mol Cell Cardiol. Author manuscript; available in PMC 2011 March 1.
